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ABSTRACT.—Despite concern over amphibian declines, few studies estimate absolute abundances because of

logistic and economic constraints and previously poor estimator performance. Two estimation approaches

recommended for amphibian studies are mark-recapture and depletion (or removal) sampling. We compared
abundance estimation via various mark-recapture and depletion methods, using data from a three-year study

of terrestrial salamanders in Great Smoky Mountains National Park. Our results indicate that short-term

closed-population, robust design, and depletion methods estimate surface population of salamanders (i.e.,

those near the surface and available for capture during a given sampling occasion). In longer duration studies,
temporary emigration violates assumptions of both open- and closed-population mark-recapture estimation

models. However, if the temporary emigration is completely random, these models should yield unbiased

estimates of the total population (superpopulation) of salamanders in the sampled area. We recommend using

Pollock’s robust design in mark-recapture studies because of its flexibility to incorporate variation in capture
probabilities and to estimate temporary emigration probabilities.

Despite concern over amphibian population
declines, few amphibian studies estimate pop-
ulation abundances because of logistical and
financial costs of obtaining precise parameter
estimates (Welsh and Lind, 1992; Jung et al., 2000;
Petranka and Murray, 2001; Schmidt, 2003).
Rather, most inferences are made using relative
abundance indices based on count data (Schmidt,
2003). Such indices assume that there is a con-
stant, linear relationship between the index and
population size and that all individuals of
a particular species have the same detection
probability (equal capture probability; Lancia et
al., 1994). These assumptions are unlikely in most
wildlife populations including the terrestrial
salamander populations we studied in the
southern Appalachians (Bailey et al., 2004a,b).
Many methods are available to estimate

population size, including change-in-ratio meth-
ods, catch-per-unit-effort, removal and depletion
methods, and mark-recapture methods (for re-
views, see Seber, 1982). Two approaches recom-
mended for amphibian studies are mark-
recapture and depletion (or sometimes referred
to as removal) sampling (Heyer et al., 1994).
Because these methods are labor intensive, they
have been recommended only when researchers
require detailed knowledge of the target pop-
ulation; otherwise relative abundance indices are

currently preferred (Heyer et al., 1994). It should
be noted that, even when the focus is on relative
abundance, investigators should provide evi-
dence that detection probabilities are practically
equivalent between populations being compared
(MacKenzie and Kendall, 2002).
In this paper, we compare abundance estima-

tion via various mark-recapture models and
depletion models, using data from a three-year
study of terrestrial salamanders in Great Smoky
Mountains National Park (GSMNP). Terrestrial
salamanders are known to reach high densities in
this area and other eastern forests (Burton and
Likens, 1975; Howard, 1987; Petranka and
Murray, 2001). Moreover, plethodontids are
susceptible to a variety of natural and anthro-
progenic perturbations and have been promoted
as excellent indicators of forest ecosystem in-
tegrity (see review by Welsh and Droege, 2001).
We compare salamander population estimates
from depletion models and categories of mark-
recapture models including closed-population,
open-population, and robust design models to
illustrate how different model assumptions can
result in wide variation in population estimates.
We also consider and clarify which methods
estimate surface population versus superpopu-
lation (total population) size.
Population Estimation.—Mark-recapture esti-

mators can be separated into three classes:
closed-population; open-population; and robust
design models. Closed-population models make
three general assumptions: (1) The population is
closed to births, deaths, immigrants, and emi-
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grants during the sampling interval (closure
assumption); (2) All animals are equally likely
to be captured in each sample (equal capture
probability) and no animal has probability of
capture equal to zero, p 6¼ 0; and (3) Marks are not
lost or overlooked by the observer. The equal
capture probability assumption may be relaxed
by allowing capture probabilities to vary as
a result of time (t), behavioral (or trap) response
(b), and heterogeneity (h). Heterogeneity implies
that capture probabilities vary among individual
salamanders, possibly because of factors such as
species type, body size, or sex. Well-known
Lincoln-Peterson (for two samples), Schnabel,
and Schumacher-Eschymeyer estimators (Seber,
1982) allow time variation in capture probabili-
ties. These methods only require batch marks.
However, if animals have been individually
marked, the use of program CAPTURE (Otis et
al., 1978; Rexstad and Burnham, 1991) to calculate
maximum-likelihood estimators is recommended
(Pollock et al., 1990). Depletion or removal
models (Zippen, 1956; Seber, 1982) are similar to
the behavioral model,Mb, in programCAPTURE,
because only information from an animal’s first
capture contributes to population estimates
(Pollock et al., 1990). Studies that remove
individuals from the population assume a closed
population, equal sampling effort, and constant
capture probabilities over time (White et al.,
1982). The behavioral model, Mb, assumes that
marked and unmarked individuals have different
capture probabilities, but no temporal variation
in capture probabilities (Otis et al., 1978; Pollock
et al., 1990). Finally, capture probabilities may
vary among individuals (heterogeneity, h) and
estimators for heterogeneous populations in-
cluded Burnham’s ‘‘jackknife’’ technique
(Burnham and Overton, 1978, 1979), Chao’s Mh

estimator (Chao, 1988), and finite mixturemodels
(Norris and Pollock, 1996; Pledger, 2000). Pro-
gram CAPTURE contains estimators for seven of
the eight closed population models proposed by
Otis et al., (1978; Mo, Mb, Mh, Mt, Mbh, Mtb, Mth).
CAPTURE also contains a test for closure and
a model selection procedure, together with
a series of goodness-of-fit tests to aid investiga-
tors in model choice. The test for closure and the
model selection procedure both have limitations,
and biologists should interpret model results
carefully (Otis et al., 1978; Menkens and Ander-
son, 1988; Pollock et al., 1990; Stanley and
Burnham, 1999; Pledger, 2000).
In studies where the demographic closure

assumption cannot be met, open-population
models can estimate population size at each
sampling period, and survival and recruitment
probabilities between sampling periods (Pollock
et al., 1990). The most common model, the Jolly-
Seber (JS) model, (Jolly, 1965; Seber, 1965) has

three main assumptions (Pollock et al., 1990): (1)
All animals present in the population at time i (i5
1, 2,. . . k) are equally likely to be captured (equal
capture probability); (2) Every marked animal
present in the population at time i has the same
probability of surviving from i to i þ 1; and (3)
Marks are not lost or overlooked by the observer.
An additional, implicit assumption is that all
emigration from the population is permanent;
temporary emigration in and out of the popula-
tion violates assumptions of the Jolly-Seber (JS)
model. Seber (1982) and Pollock et al. (1990)
presented several variations of the JS model and
many are included in programs JOLLY (Pollock
et al., 1990) and MARK (White and Burnham,
1999). Despite these additions, the JS model is
still limited in that some parameters cannot
be estimated (e.g., population size in the first
and last periods) and the population size estima-
tor is not robust to variation in capture probabili-
ties (other than time variation; Kendall and
Pollock, 1992).
To address these concerns, Pollock developed

the ‘‘robust design’’ model (Pollock, 1982). Under
this design, primary sampling periods, i (i5 1, 2,
. . . k) contain li secondary sample occasions that
are separated by a time interval that is short
enough to assume demographic closure (i.e., no
birth, death, immigration, or emigration). Prima-
ry periods are separated by longer time intervals
during which population additions (immigration
and birth) and deletions (emigration and death)
can occur. Data from secondary samples within
each primary period can be analyzed using
closed-population models that allow for unequal
capture probability (Otis et al., 1978; White et al.,
1982). The closed-population models estimate
conditional capture probabilities (p), recapture
probabilities (c), and population size for each
primary period (N). Data within each primary
period are pooled to estimate survival probabil-
ities (/), and data from both primary and
secondary periods are used to estimate tempo-
rary emigration (c; Kendall and Nichols, 1995;
Kendall et al., 1997; Kendall, 1999). This design is
especially useful for estimating temporary emi-
gration probabilities (Kendall and Nichols, 1995;
Kendall et al., 1997; Kendall, 1999; Kendall and
Hines, 1999).
Previous salamander studies have used a wide

variety of closed- and open-population estima-
tion methods. Closed-populations methods in-
clude Lincoln-Peterson for two samples (Burton
and Likens, 1975; Welsh and Lind, 1992); and for
more than two samples: Schabel’s (Stewart and
Bellis, 1970; Howard, 1987; Smith and Petranka,
2000), Schumacher-Eschmeyer (Semlitsch, 1980;
Howard, 1987), and depletion methods (Bruce,
1995; Petranka and Murray, 2001; Salvidio, 2001).
We know of only one salamander study (Jung et

SALAMANDER POPULATION SIZE ESTIMATORS 371



al., 2000) that has used the multiple closed-
population models discussed in Otis et al. (1978).
This is important because none of the other
methods allows, or tests for, heterogeneity of
capture probabilities between different animals.
JS open-population models have been used in
salamander studies by Tilley (1980), Welsh and
Lind (1992), and Marvin (1996). Most studies
were conducted on 1–4 sites (but see Jung et al.,
2000; Smith and Petranka, 2000), and they re-
ported low effective capture probabilities (p ,
0.15) which resulted in imprecise population
estimates (Howard, 1987; Welsh and Lind, 1992;
Jung et al., 2000). Bailey et al. (2004a,b) represents
the most extensive terrestrial salamander study
that focuses on population estimation and is the
only study to use the robust design.

MATERIALS AND METHODS

Study Area.—Great Smoky Mountains Na-
tional Park, located along the Tennessee-North
Carolina border, is internationally recognized for
its rich temperate forest biodiversity. The park’s
unique geology, along with steep, complex
topography, creates temperature and moisture
gradients across 205,665 ha of contiguous forest.
These gradients contribute to produce high levels
of temperate species diversity in many taxa,
including salamanders. Approximately 10% of
the world’s salamander species are found in the
southern Appalachian region (Petranka, 1998),
with 31 species occurring inside the park’s
boundaries (Dodd, 2003). Salamanders are a high
priority taxon for the park’s inventory and
monitoring program because of their high di-
versity, large number of species endemic to the
southern Appalachians, and the limited amount
of data on the distribution, abundance, and
natural history of most species.
Field Methods.—In 1999, we initiated a three-

year mark-recapture study on 15 plots (15 3 15
m) in the Roaring Fork Watershed (Mt. LeConte
USGS Quadrangle); five additional plots were
added in 2000. Each plot was enclosed with a silt
fence to inhibit horizontal salamander move-
ment. The bottom edge of the silt fence was
buried 10–15 cm into the soil, and the remainder
of the fence was raised and stapled to 60-cm tall
wooden stakes. The top edge of the fence was
draped toward the inside of the plot creating a lip
that made it difficult for salamanders to escape.
We performed salamander searches outside the
plots each year; of over 460 salamanders cap-
tured, only six were recaptured having escaped
the fences.
Three parallel 15-m transects were established

within each plot, including a natural cover
transect, a transect of five coverboard arrays
and a set of five leaf litter search stations (for
details, see Bailey et al., 2004a). Plots were

sampled according to Pollock’s robust design
with four primary periods, each consisting of 3–4
consecutive sample days (Pollock, 1982). Primary
periods were separated by 6–8 days in 1999 and
12 days in 2000 and 2001. Sampling was
conducted from 1 April to mid-June each year.
During each sampling occasion, the three tran-
sects were sampled first; then the remaining
natural cover was turned, and the inside edge
of the fence was searched. This procedure
ensured that all available animals within the plot
had a nonzero capture probability during the
given primary period. All unmarked salaman-
ders over 18-mm snout–vent length (SVL) were
individually marked using fluorescent elastomer
(Bailey et al., 2004a).
Following the 30–40 day mark-recapture

study, a depletion study was initiated on each
plot. Plots were sampled every other day for
eight days, resulting in four depletion samples
per plot. Captured animals were removed from
plots and stored in a refrigerator at 4–58C.
Salamanders can be retained in this manner with
minimal care for several weeks (Stewart and
Bellis, 1970; DeNardo, 1995; Salvidio, 1998).
In 1999, a complete removal study was

conducted on a subset of three plots. All natural
cover and leaf litter was removed from these
plots using the method presented in Heatwole
and Sexton (1966). The material was thoroughly
searched for salamanders before it was removed
from the plot. Leaf litter was collected and stored
in plastic garbage bags outside the plot. All
captured salamanders were stored in refriger-
ators. Following excavation, plots were visited
on consecutive nights to remove all available
salamanders. Sampling was terminated when no
new salamanders were found on nightly surveys,
usually after 4–5 nights. It is thought that
removing leaf litter and cover yields a complete
count of forest-floor herpetofauna within an
enclosed quadrat (Jaeger and Inger, 1994; Heat-
wole, in press). After complete removal sampling
was halted, the bagged leaf litter and natural
cover were replaced, carefully reconstructing the
plot as closely to its original design as possible.
Captured salamanders were marked and re-
leased at their original capture locations.
Population Estimation.—We used several meth-

ods to estimate salamander abundances at each
site in each year (site-year). We used all 14–16
sampling occasions (four primary periods3 3–4
secondary samples each) to construct capture
history datasets for each site-year and used
program CAPTURE to test demographic closure,
perform model selection, and estimate popula-
tion size under a number of closed-population
models (Otis et al., 1978; White et al., 1982;
Rexstad and Burnham, 1991). In this case, the
closure assumption applied across all sampling
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occasions within the season, andwe refer to these
estimates as full-season closed-population esti-
mates. This analysis was the first exploratory
step to determine the types of variation in
capture probabilities (heterogeneity, behavioral
or time) that characterized each dataset. Data
from the four-sample depletion study were
analyzed using the behavioral model, Mb, and
the generalized removal method, Mbh (program
CAPTURE, Otis et al., 1978). The generalized
removal method allows heterogeneity of capture
probabilities.
A third closed-population estimate was ob-

tained using the Lincoln-Peterson method. Be-
cause the Lincoln-Peterson estimator uses only
two sampling occasions, all individuals caught in
30–40 day mark-recapture study were pooled
into a single sampling period, n1, and the
individuals obtained in the eight-day depletion
study were pooled into a single recapture period,
n2. The number of previously marked animals in
the depletion sample becamem2, and an unbiased
estimate of population size was obtained using:

N̂N ¼ ðn1 þ 1Þðn2 þ 1Þ
ðm2 þ 1Þ

� �
� 1 ðChapman; 1951Þ

Pollock et al. (1990) and Seber (1982) presented
detailed exposition on this model and its
standard error (not shown here). Closed-popula-
tion estimates were compared to one another and
to the complete removal counts from three plots
in 1999.

Open-population estimates were obtained for
each data set by pooling secondary samples
within each primary period. We considered three
standard JS models including the full Time-
specific Model (Model A), the Constant Survival
Model (Model B), and the Constant Survival and
Capture Model (Model D; Pollock et al., 1990).
Analysis was performed using program JOLLY
(Pollock et al., 1990).
We analyzed the robust design mark-recapture

data using program MARK (White and Burn-
ham, 1999). In previous work, we fit a series of
models that represented possible salamander
responses (time and behavioral) with and with-
out temporary emigration (Bailey et al., 2004a).

Models that contained random temporary emi-
gration were chosen best for over 80% of our
datasets (using QAIC criteria; Akaike, 1973;
Burnham and Anderson, 2002; Bailey et al.,
2004a). In this study, we used a subset of robust
design models, each containing constant random
temporary emigration, c(.), time-invariant aver-
age surface population size, N(.), and either
constant, behavioral, or time-specific capture
probabilities (RD-Mo, RD-Mb, RD-Mt; Bailey et
al., 2004a). A detailed description of these models
is given in Appendix 1. To compare robust design
model results to JS open-population estimates,
we did not fix apparent survival probability over
primary periods (/(.) 6¼ 1) but allowed the model
to estimate a constant survival parameter, /(.),
between primary periods. Finally, we analyzed
the secondary samples within each primary
period using closed-population models Mb and
Mh in program CAPTURE. Here the closure
assumption only applies to the short, 3–4-day
period over which secondary samples were
obtained.

RESULTS

A total of 6562 salamanders (.18 mm SVL)
and 11 species were captured and marked during
our three-year study (Table 1). Of these, 206
salamanders were removed from three plots
during the complete removal study in 1999. Most
of the captures were members of seven species or
species complexes including Plethodon jordani,
Plethodon serratus, Desmognathus wrighti, Eurycea
wilderae, and three species complexes described
by Petranka (1998): Plethodon glutinosus complex,
Desmognathus fuscus complex, and Desmognathus
imitator complex. Captures of Desmognathus
quadramaculatus, Desmognathus monticola, Gyrino-
philus porphyriticus, and Pseudotriton ruber were
rare.
The average number of salamanders caught

per site (excluding complete removals) varied
little between years: 1999 mean6 1 SE 5 1286
19.89, N 5 14 sites; 2000 5 1306 28.02, N 5 19
sites; 2001 5 1126 20.32, N 5 19 sites.
Despite the use of a silt fence as a barrier to

salamander movement, the test for closure was

TABLE 1. The number of individual salamanders captured (.18-mm snout–vent length) on 153 15 m plots in
Great Smoky Mountains National Park during mark-recapture, depletion and complete removal studies. N-plots
were sampled 14–16 times per year. Complete removals were only performed at three plots in 1999.

Mark-recapture Depletion Complete removal Total

Year N Caught Unmarked Marked Unmarked Marked Caught

1999 14 1417 375 122 172 34 1964
2000 19 2140 334 189 — — 2474
2001 19 1778 346 194 — — 2124
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rejected (P , 0.05) for 30 of the 52 datasets
containing all 14–16 sample occasions within
a sampling season (programCAPTURE). Closed-
population models containing time and behav-
ioral variation in capture probabilities fit our data
better than other competing models according to
model selection procedures in program CAP-
TURE (Table 2). Time variation (t) was included
in 73.0% of selected models, whereas behavioral
effects (b) and heterogeneity (h) were included in
59.6% and 42.3%, respectively; constant capture
probabilities were suggested for only 13.5% of
our datasets. Unfortunately, models with both
time and behavioral effects,Mtb, are often difficult
to fit with sparse data (few numbers of captured
or recaptured individuals), and there is currently
no estimator available for model Mtbh. Because
model selection procedures in program CAP-
TURE often perform poorly with sparse data
(Menkens and Anderson, 1988), we analyzed the
same datasets using the closed-captures pro-
cedure in program MARK (White and Burnham,
1999) where AICc-values could be used to
evaluate relative model performance. Models
containing heterogeneous capture probabilities
are excluded in this assessment, but model
selection procedures in program CAPTURE in-
dicated that heterogeneity was the least influen-
tial of the three possible capture probability
effects (Table 2). A subset of four closed-popula-
tion models (Mo,Mb,Mt,Mtb) were tested, and all
models with �AICc , 2.0 were considered
appropriate for a given dataset (Burnham and
Anderson, 2002). Model selection results using

AICc were compared to the best subset model
from program CAPTURE (i.e., the subset model
with the value closest to 1.0; Table 3). Neither
model selection procedure yielded a dominant
capture probability effect but suggested that
either time or behavioral or both effects influ-
enced salamander capture probabilities.
Capture probabilities using full-season closed-

population models were low regardless of model
choice; the highest average capture probability
estimate for any dataset was p̂p (�)5 0.06 using the
null model, Mo, and p̂p (�) 5 0.04 using the
heterogeneity model, Mh (N 5 52 datasets).
Nearly all data sets suggested a trap-shy behav-
ioral response, where the highest estimates of
initial capture probability (p) and recapture
probability (c) were p̂p(�) 5 0.27 and ĉc(�) 5 0.07
(N 5 42 datasets).
Open-population estimation was difficult be-

cause pooling secondary samples reduced the
number of recaptures. For example, if an animal
was recaptured multiple times within a primary
period but not recaptured in other primary
periods that animal appeared to be captured only
once in the open-population analysis. Pooling
resulted in a 32% reduction in the number of
recaptured animals and thus open-population
analyses were possible for only 35 of 52 datasets.
All three JS models and the full complement of
goodness-of-fit tests could be calculated for only
10 datasets. The goodness-of-fit test comparing JS
Constant Survival and Capture Model (Model D)
versus full Time-specific Model (Model A) was
possible for 31 datasets and the more restricted

TABLE 2. Percentage of the datasets for which different closed-population models were selected by program
CAPTURE. Datasets contained all 14–16 sampling occasions. N 5 number of datasets (sites).

Models

Year N Mo Mh Mb Mbh Mt Mth Mtb Mtbh

1999 14 28.6 14.3 7.1 0.0 0.0 7.1 7.1 35.7
2000 19 10.5 5.3 5.3 0.0 26.3 5.3 26.3 21.0
2001 19 5.3 0.0 5.3 5.3 5.3 15.8 42.1 21.0

Total 52 13.5 5.8 5.8 1.9 11.5 9.6 26.9 25.0

TABLE 3. Percentage of the datasets for which different closed-population models were considered appropriate
by AICc-values (calculated in program MARK) and by model selection procedures in program CAPTURE.
Datasets contained all 14–16 sampling occasions. N 5 number of models considered appropriate for datasets in
each year.

MARK model selection CAPTURE model selection

Year N Mo Mb Mt Mtb N Mo Mb Mt Mtb

1999 23 17.4 34.8 39.1 8.7 14 71.4 7.14 0.0 21.4
2000 28 10.7 25.0 32.1 32.1 19 26.3 5.3 36.8 31.6
2001 26 15.4 30.8 26.9 26.9 19 26.3 5.3 15.8 52.6

Total 77 14.3 29.9 32.5 23.4 52 38.5 5.8 19.2 36.5
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Model D was favored for 81% of these datasets.
Population estimates were possible for 47 de-
pletion datasets, using modelMb and 43 datasets,
using the generalized removal method Mbh.
Lincoln-Peterson population estimates were pos-
sible for 50 of 52 datasets.
We used estimates from the three complete

removal sites in 1999 to illustrate the variation
among population size estimates obtained from
different types of models (closed-population,
open-population, robust design, and depletion
models; Tables 4–6). Population estimates ob-
tained from different closed-population models
varied widely, whereas estimates from open-
population JS models and depletion models were
more consistent (Tables 4–6). Despite these differ-
ences, a distinct pattern emerged that we believe
represents two different populations. Depletion
models yielded the lowest population estimates
but had good agreement with robust design
estimates that included temporary emigration
and closed-population estimates from secondary
sampling periods only (Tables 4–6). We feel these
models estimated the population of salamanders
near the surface and available for capture at
a given sampling occasion (i.e., surface popula-
tion). Table 6 represents one of the few exceptions
to this generality, but in 1999 the RG012 site had
an exceptionally low numbers of recaptured
individuals (only 7 of 111 individuals were
recaptured during the mark-recapture study)
resulting in poor estimates and precision.

Closed-population models over all 15–16
sampling occasions (full-season), JS open-popu-
lation models, and Lincoln-Peterson estimators
all yielded much higher population estimates
than depletion or robust design estimates.
Population estimates from depletion model Mb

were usually 5–20% of Lincoln-Peterson esti-
mates for the same site-years (range: 4.39–
40.42%, N 5 47 datasets). The robust design
models listed in each table (4–6) used the same
number of sampling occasions and made the
same capture probability assumptions as the
corresponding closed-population models, but
their average population size estimates were
much less. We believe the Lincoln-Peterson
model, full-season closed-population models,
and JS open-population models estimated both
surface and subterranean individuals (termed
superpopulation, Kendall, 1999). Using the ro-
bust design, random temporary emigration
probabilities were incorporated to estimate the
superpopulation at each site and these estimates
resembled those from full-season closed-popula-
tion models, JS open-population models, and
Lincoln-Peterson methods (Tables 4–6).

DISCUSSION

Population size estimation is an important
aspect of many ecological studies and wildlife
management programs. There are numerous
estimation methods available and a method’s

TABLE 4. Example of population size estimates (N̂N) for one site, CG008, in 1999, using closed-population, open-
population and robust design models (Appendix 1). Capture probabilities are either equal (o), or vary as a result of
time (t), behavioral (or trap) response (b), and heterogeneity (h). Full-season closed-population modelMtbh was the
best model selected by program CAPTURE. Values in parentheses are superpopulation estimates using
corresponding robust design models. Day removal equals the number of individuals captured while removing all
leaf litter and cover from the plot; Complete removal equals the number of individuals captured during depletion
and complete removal studies; and Total Captured equals the number of individuals captured during mark-
recapture, depletion, and complete removal studies.

Surface population Superpopulation

Model N̂N SE N̂N Model N̂N SE N̂N

Robust Design Full-Season Closed

RD- Mo 264 (264) 60.05 Mo 345 44.79
RD- Mb* 64 (260) 7.54 Mb 183 16.11
RD- Mt 264 (264) 60.25 Mt 341 43.77

Depletion Open-population (JS)

Mb 41 6.92 Model B 245 159.25
Mbh 33 4.73 Model D 261 128.83

Secondary Samples
Closed (4 periods)

Lincoln-Peterson 291 48.90

Mb : Mh

— —
59 : 130 4.96 : 3.96 Day Removal 27
46 : 86 7.39 : 11.25 Complete Removal 123
70 : 83 41.09 : 10.94 Total Captured 237

* Robust design model with the lowest QAICc value.
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performance depends on its underlying as-
sumptions. This is especially important when
mark-recapture data are sparse. An estimator’s
relative bias and coefficient of variation is
expected to increase as population size or

individual capture probability decrease (Menk-
ens and Anderson, 1988). Two estimation
methods recommended for amphibian popula-
tions are mark-recapture and depletion methods
(Heyer et al., 1994). Population size estimates

TABLE 5. Example of population size estimates (N̂N) for one site, CG009, in 1999 using closed-population, open-
population and robust design models (Appendix 1). Capture probabilities are either equal (o), or vary as a result of
time (t), behavioral (or trap) response (b), and heterogeneity (h). Full-season closed-population model Mh was the
best model selected by program CAPTURE. Values in parentheses are superpopulation estimates using
corresponding robust design models. Day removal equals the number of individuals captured while removing all
leaf litter and cover from the plot; Complete removal equals the number of individuals captured during depletion
and complete removal studies; and Total Captured equals the number of individuals captured during mark-
recapture, depletion, and complete removal studies.

Surface population Superpopulation

Model N̂N SE N̂N Model N̂N SE N̂N

Robust Design Full-Season Closed

RD-Mo 92 (188) 20.59 Mo 228 25.35
RD-Mb 43 (156) 11.97 Mb not est. not est.
RD-Mt* 112 (214) 26.15 Mt 225 24.70

Depletion Open-population (JS)

Mb 57 10.39 Model B 262 175.19
Mbh 56 33.83 Model D 280 196.82

Secondary Samples
Closed (4 periods)

Lincoln-Peterson 419 121.54

Mb : Mh

— —
106 : 101 4.96 : 3.96 Day Removal 11
40 : 81 7.39 : 11.25 Complete Removal 77
— : 104 41.09 : 10.94 Total Captured 179

* Robust design model with the lowest QAICc value.

TABLE 6. Example of population size estimates (N̂N) for one site, RG012, in 1999, using closed-population, open-
population and robust design models (Appendix 1). Capture probabilities are either equal (o), or vary as a result of
time (t), behavioral (or trap) response (b), and heterogeneity (h). Full-season closed-population model Mo was the
best model selected by program CAPTURE. Values in parentheses are superpopulation estimates using
corresponding robust design models. Day removal equals the number of individuals captured while removing all
leaf litter and cover from the plot; complete removal equals the number of individuals captured during depletion
and complete removal studies; and total captured equals the number of individuals captured during mark-
recapture, depletion, and complete removal studies.

Surface population Superpopulation

Model N̂N SE N̂N Model N̂N SE N̂N

Robust Design Full-Season Closed

RD- Mo* 412 (840) 226.65 Mo 787 262.66
RD- Mb 281 (846) 725.40 Mb 281 145.08
RD- Mt 435 (769) 240.76 Mt 780 258.52

Depletion Open-population (JS)

Mb 31 3.46 Model B 729 1326.44
Mbh 29 1.70 Model D 763 1057.13

Secondary Samples
Closed (4 periods)

Lincoln-Peterson 463 150.40

Mb: Mh

153 : 89 299.80:11.45
— — Day Removal 31

109 : 73 189.49:10.41 Complete Removal 93
— — Total Captured 192

* Robust design model with the lowest QAICc value.
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derived from these methods varied widely for
populations of terrestrial salamanders on our
sites in GSMNP. An examination of the
assumptions of each estimation method pro-
vides some insight into the sources of variabil-
ity that can influence abundance estimates.
All closed-population estimators assume the

population is closed over sampling occasions
and no mark loss or observer bias. Marking
studies indicate that elastomer mark loss and
misidentification is rare (Davis and Ovaska,
2001; Bailey, 2004); thus it is likely that all
model assumptions involving mark retention
and identification are met. The closure assump-
tion, which is of fundamental importance, was
rejected for 58% of our full-season datasets,
despite the fact that the closure test in program
CAPTURE is not particularly powerful (Stanley
and Burnham, 1999). Survival probabilities are
not well known for terrestrial salamanders, but
several studies suggest annual rates are above
45% (Organ, 1961; Tilley, 1980; Hairston, 1983).
Thus, survival probability during our 6–8-week
sampling period should be near 1. Likewise,
growth rates are sufficiently low (Petranka,
1998) that we would not expect large numbers
of recruits into the population (.18 mm SVL
salamanders) during our study. For these
reasons, we conclude that movement (immigra-
tion and emigration) was the likely cause of the
closure violation. Although we constrained
horizontal surface movement with silt fencing,
we could not control the vertical movement of
salamanders in the soil. We believe this vertical
movement, surface to subsurface, explains the
lack of closure.
In addition to the closure assumption, our

results suggest that the equal capture probability
assumption was also violated. Model selection
procedures in programs CAPTURE and MARK
indicate that capture probabilities varied tem-
porally and had a trap-shy behavioral response
(higher initial capture probabilities than recap-
ture probabilities). Previous salamander studies
have used estimators that allow temporal
variation in capture probabilities (i.e., Lincoln-
Peterson, Schnabel and Schumacher-Eschy-
meyer estimators), but few have incorporated
a behavioral response (Stewart and Bellis, 1970;
Semlitsch, 1980; Howard, 1987; Smith and
Petranka, 2000).
Other studies have shown that capture prob-

abilities may vary with sex (Tilley, 1980) or
species (Smith and Petranka, 2000; Petranka and
Murray, 2001; Bailey et. al., 2004b). Failure to
account for heterogeneous capture probabilities
in closed- and open-population estimators will
result in negatively biased estimates of abun-
dance (Pollock et al., 1990). Our results indicate
that heterogeneity was the least influential of the

three possible variations among capture proba-
bilities at a given site and year.
Our most dramatic result was the large

discrepancy between the depletion and robust
design estimators and the open and closed-
population estimators (over the full season). We
suggest that the estimators actually apply to two
different populations: surface and superpopula-
tions. Depletion estimators use data collected
during a short period of time where the closure
assumption is likely valid; thus depletion pop-
ulation estimates should represent the available
surface population of salamanders during the
eight-day sampling period. Superpopulation
refers to the population of salamanders both near
the surface and available for capture and those
beneath the surface and unavailable for capture
during a given primary sampling period. Tem-
porary emigration violates the closure assump-
tion for the longer mark-recapture study, but if
the temporary emigration is completely random,
closed-population and open-population models
should yield unbiased estimates of the super-
population in the sampled area. Using robust
design models, we were able to incorporate and
estimate temporary emigration (Bailey et al.,
2004a,b) and confirmed that random temporary
emigration probabilities between primary peri-
ods were high (average temporary emigration
estimate 5 0.87 6 0.01; Bailey et al., 2004a).
Surface population estimates calculated using the
robust design models were similar to depletion
model estimates and closed-population estimates
from secondary sample periods only. Super-
population estimates from robust design models
were similar to estimates from full-season closed-
population models, JS open-population models,
and the Lincoln-Peterson method.
Finally, complete removal techniques have

been highly successful at providing absolute
abundances for a wide variety of herpetofaunal
species (Heatwole and Sexton, 1966; Rodda et al.,
2001; Heatwole, in press) but the technique has
not been validated for fossorial or subterranean
species (G. Rodda, pers. comm.). Our results
indicate that complete removal procedures de-
scribed in this paper do not produce good
estimates of the superpopulation of terrestrial
salamanders.
The purpose of this paper was to (1) compare

abundance estimation via various mark-recap-
ture models and depletion models over a large
number of datasets (total of 52 possible site-year
combinations) and (2) clarify which methods
estimate surface population versus superpopu-
lation size. The population investigated included
all salamanders at a given site and year. For the
purpose of comparing our results to density
estimates reported in other studies, we converted
superpopulation estimates to density using
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a robust design model containing random
temporary emigration (/(.) 5 1, c(.), p(..), c(..),
N(.), Bailey et al., 2004a). In previous studies, our
data supported this model as the most convinc-
ing across all sites and years, using two different
model selection strategies (Bailey et al., 2004a).
Superpopulation densities ranged from ( �̂DD) 5
1.56 salamanders/m2 (SE ( �̂DD) 5 0.58 N 5 10 site-
year datasets) on our lower elevation sites (, 860
m) to ( �̂DD) 5 4.16 salamanders/m2 (SE ( �̂DD) 5 0.75
N 5 9 site-year datasets) on our high elevation
sites (980–1100 m). Density estimates over all
sites and years where estimation was possible
were ( �̂DD) 5 2.35 salamanders/m2 (SE ( �̂DD) 5 2.64,
N 5 48 datasets). These estimates are slightly
higher those obtained by Petranka and col-
leagues (Smith and Petranka, 2000; Petranka
and Murray, 2001) who reported total salaman-
der densities of 0.51 and 1.84 salamanders/m2,
respectively, in the southern Appalachians. Part
of the reason for the discrepancy may be the
models Petranka and colleagues chose for their
analysis. We suggest future analysis include
model selection criteria and some assessment of
model fit (Burnham and Anderson, 2002; Bailey
et al., 2004a). Certainly, however, these popula-
tion and density estimates suggest that terrestrial
salamander densities are high in southern Appa-
lachian forests.
We did not focus on species-specific popula-

tion parameters in this paper because (1) differ-
ences in capture probabilities among individual
salamanders (heterogeneity, possibly cause by
species differences) was the least influential of the
three possible capture probability effects and (2)
species-specific variations in population param-
eters were explored in another paper (Bailey
et al., 2004b). Most of the salamanders on the
three sites we present in detail were small
plethodontids (Plethodon serratus) or large mem-
bers of the glutinosus complex (both Plethodon
glutinosus and Plethodon oconaluftee), Plethodon
jordani, and hybrids. Species-specific density
estimates, using the same robust design model
discussed above, were possible for all three sites
for large plethodontids and two sites for small
plethodontids (RG012 excluded for sample size
reasons discussed previously). Superpopulation
density estimates for large plethodontids were
0.37, 0.18, and 1.43 salamanders/m2 for large
plethodontids and 2.76 and 1.43 salamanders/
m2 for small plethodontids. Our estimates for
large plethodontids were similar to those re-
ported by Smith and Petranka (2000) (0.13/m2,
Plethodon jordani, Howard (1987) (0.50/m2, Ple-
thodon jordani), Petranka and Murray (2001)
(0.15/m2, Plethodon jordani) and Semlitch (1980;
0.52–0.81/m2, Plethodon glutinosus). Likewise our
estimates for small plethodontids were within
the range reported by Jung et al. (2000; 2.8–18.5/

m2, Plethodon cinereus) and Burton and Likens
(1975; 0.16–2.72, Plethodon cinereus, based on day
counts adjusted for capture probability). Our
previous works confirms that there was consider-
able spatial and temporal variation among
population parameters for terrestrial salaman-
ders at our study sites in the southern Appala-
chians (Bailey et al., 2004a,b).
The choice of an appropriate population

abundance estimator is study-specific and inves-
tigators must weigh logistical, economic, and
biological factors when selecting a sample de-
sign. Study objectives and model assumptions
must be considered when developing sampling
protocols for estimating abundance, even relative
abundance. We highly recommend the use of the
robust design because of its flexibility to in-
corporate variation in capture probabilities, and
estimate temporary emigration probabilities. The
method’s assumptions fit the biological processes
believed to be occurring in most terrestrial
salamander populations. The method is costly
in terms of labor and time, but it may be possible
to apply the method on a subset of sample sites
using the dual sampling design described by
Pollock et al. (2002). If intensive sampling is not
possible at any sites, depletion methods show
good potential to estimate available population
size over short sample periods (Bruce, 1995;
Salvidio, 2001), while closed- or open-population
estimators over longer periods may be unbiased
for superpopulation sizes, but only if temporary
emigration is a random process.
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APPENDIX 1

Closed-Population and Depletion Models.—These mod-
els assume the salamander population is closed over
a designated time period: 30–40-day mark-recapture
period for the full-season and Lincoln-Peterson models,
eight days for the depletion models, and four days for
the closed-population secondary samples models.

Open-Population Models.—Models considered esti-
mate constant survival probability /, and either time-
specific (Model B: /(.), p(i)) or time-constant capture
probability (Model D: /(.), p(.)). Capture probabilities
are assumed to be equal for marked and previously
unmarked individuals.

Robust Design Models.—Models considered estimate
constant survival probability /, and capture probabil-
ities, which can vary among primary periods, i, or
between previously marked, c, and unmarked, p,
individuals. RD- Mo model assumes time-constant
and equal capture probabilities (/(.), p(..) 5 c(..), N(.));
RD- Mb model assumes time-constant but unequal
capture probabilities of previously marked and un-
marked individuals (/(.), p(..), c(..), N(.)); and RD-Mt

model assumes time-specific but equal capture proba-
bilities (/(.), p(i.) 5 c (i.), N(.)). See Bailey et al. (2004a)
for a more detailed robust design analysis.
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